The present work describes a facile, convenient, and green pathway for MnO 2 nanoparticles (MnNPs) synthesis using manganese acetate salt as a precursor and methanolic extract of Phyllanthus amarus as a reducing agent. Curcumin extracted from turmeric was used as a stabilizing agent. The characterization of MnNPs was performed using ultraviolet-visible (absorption and emission), Fourier transformed-infrared (FT-IR), thermogravimetric analysis, X-ray photoelectron spectroscopy, scanning electron microscopy, transmission electron microscopy (TEM), high resolution transmission electron microscopy (HRTEM), and selected area electron diffraction pattern (SAED) techniques. The vibrational mode of O-Mn-O observed at around 580 cm − 1 in the FT-IR spectra confirms their occurrence. The morphology of MnO nanorods was investigated from Scanning electron microscopy (SEM) and TEM studies. The diffraction patterns revealed the crystalline nature of MnO 2 . The solid-state fluorescence investigations of MnNPs exhibited an emission intensity at 518 nm revealing the crystallinity of the sample. The results emphasized the potent application of Phyllanthus amarus extract for the synthesis of MnNPs with economic viability and ease in scaling up for mass production.
Introduction
Recent advances in the field of nanotechnology and nanoscience, particularly the ability to prepare highly ordered nanoparticulates by green approach of varied size and shape, have led to the development of new materials for potential application in different sectors. Much attention is being devoted to developing nanomaterials based on transitional metal oxides (TMOs) due to their large surface area, and structural flexibility combined with novel chemical and physical properties [1, 2] . This provides the TMO nanostructured materials a great advantage over their bulk counterpart in numerous applications such as catalysis, gas sensors, magnetic materials, electrochromic devices, and high-temperature solar selective absorbers [3] [4] [5] [6] [7] . The properties of nanomaterials are mainly ascribed to their size, dimension and morphology, which are admirable for analytical sensing and optoelectronic nanodevices [8] .
Among various TMOs, manganese oxide nanoparticles (MnNPs) are of special interest not only in the scientific field but also in the field of optoelectronics [9] , magnetic storage devices [10] , and solar cells [11] . From environmental point of view, green approaches for synthesizing MnO 2 are considered, as a specific chemical is not required for reduction and stabilization, and also synthesis can be performed under mild experimental conditions such as relatively low reaction temperature and ambient pressure [12] .
Recent reports on the use of Phyllanthus amarus extracts in the synthesis of silver nanoparticles and other metal nanoparticles [13] [14] [15] have motivated us to synthesize MnNPs using P. amarus extract. In the present report, an eco-friendly pathway for MnNPs synthesis in the presence of methanolic extract of P. amarus plant material as a reductant and curcumin as a stabilizing agent in aqueous medium has been described. The synthesized MnO 2 nanostructures were characterized using ultraviolet-visible (UV-Vis), Fourier-transformed infrared (FT-IR), X-ray photoelectron spectroscopy (XPS), SEM, transmission electron microscopy (TEM), high resolution transmission electron microscopy (HRTEM), selected area electron diffraction pattern (SAED), and fluorescence investigations.
Curcumin was extracted and isolated from commercially available turmeric by using soxhlet solvent extraction technique in methanol. The characterization of isolated curcumin was done by recording electronic absorption spectra, which showed absorption maxima at 425 nm corresponding to the previous report [16] . The methanol was then evaporated under vacuum and stored at 10°C for further studies.
The electronic absorption spectra were obtained using PerkinElmer Lambda 750 UV-Visible spectrometer. The fluorescence studies were performed on ELICO SL 117 scanning mini spectrophotometer and Horiba JOBIN YVON Fluoromax-4 spectrometer. FT-IR spectra was obtained on IR spectrometer (Shimadzu). X-ray photoelectron spectroscopy was recorded using a MULTLAB 2000 THERMO SCI-ENTIFIC, UK. Thermogravimetric analysis (TGA) was carried out on a Universal V4 TGA Q50 instrument at a heating rate of 2°C/ min between 30°C and 700°C. SEM images and X-ray mapping were recorded on Zeiss microscope. TEM images and SAED pattern were recorded on JEOL 2100F FEG operating at 200 KV after casting a drop of MnNPs dispersion in ethanol over Cu grid.
Plant material collection, authentication, and extraction
Phyllanthus amarus was collected from Sri Rangapattana, Karnataka, India, during January to March 2016. The plant identification was unambiguously performed by Dr. S. Chandan and a voucher specimen (No. UOMABBC202) has been deposited in herbarium of the Department of Studies in Biotechnology, University of Mysore, Manasagangotri, Mysore, Karnataka, India. The plants were thoroughly washed, sliced, and dried at room temperature for about 10 days and ground into a fine powder using a domestic mixer grinder. The dried plant material (66.2 g of the whole plant) was extracted with MeOH as a solvent by a soxhlet apparatus at 45°C (1 : 4 w/v). The obtained filtrate was reduced under rotary vacuum evaporator (Buchi) resulting in 13.9% of P. amarus methanolic extract (9.24 g).
Synthesis of MnNPs
The green synthesis of MnO 2 nanoparticles involves the reaction of aqueous solution of manganese acetate (1 mm) with methanolic extract of P. amarus (0.5 g) in 10 ml of deionized water. The reaction mixture was stirred at room temperature (RT) (pH 6.8) for 1 h and noted the change in color from colorless to reddish brown, which indicates metal reduction. To this reaction mixture, freshly prepared curcumin solution (1 mm) was added and stirring was continued for 6 h to stabilize the nanoparticles at RT. The reddish brown color was slowly changed into permanent black product indicating the complete stabilization of MnNPs. The final solution was washed with deionized water to obtain pure MnNPs, centrifuged, dried at 100°C for 5 h and used for further characterization.
Results and discussion
The green synthetic approach of MnO 2 nanoparticles is known in aqueous medium by observing color change from reddish brown to dark black. The color change can be easily noticed by naked eye. The observation of black colored product was a clear indication of formation of reduced and stabilized MnNPs.
UV-visible spectral analysis
UV-Visible absorption study is one of the most convenient techniques for characterizing nanoparticles and thus provides information about the optical properties of nanoparticles [17] . The electronic absorption spectrum of synthesized MnNPs in solution state (ethanol) showed absorption maxima at 360 nm which clearly indicated the formation of MnNPs [18] .
FT-IR spectroscopy
The formation of the synthesized nanoparticles is confirmed by infrared spectroscopy. The important infrared stretching vibrations are depicted in Figure 1 . The absorption band located at 580 cm − 1 was attributed to the typical stretching collision of O-Mn-O, which indicated the presence of MnO 2 in the prepared sample [19] . The absorption bands at 1634 and 1385 cm − 1 correspond to aromatic unsaturation (C=C) of stabilized curcumin system, while a band at 1021 cm − 1 is due to C-O stretching in the curcumin molecule. The broad band which appeared at 3433 cm − 1 is the characteristic absorption for O-H-O of water and -OH stretching of ethanol present in the system. Figure 2 shows thermogravimetric (TG) curve of as-prepared MnNPs under N 2 atmosphere. A degradation step observed at 136°C indicates the removal of moisture from the sample. Further degradation occurs between 360°C and 430°C which corresponds to the removal of organic moieties. Subsequently, there after no depletion in the TG curve was noticed, which reveals that the size of the sample remains constant upon further increase in the temperature. , respectively [21] .
Thermal studies

XPS investigation
SEM analysis
Further information on obtained MnNPs was observed by SEM and TEM images. The scanning electron micrographs of as-prepared MnNPs are shown in Figure 4 . The different crystal structures of MnO 2 exhibited significantly different morphologies. Figure 4A shows aggregated nanostructures of as-prepared MnO 2 nanoparticles with diameter of 100-200 nm. The high magnification SEM images ( Figure 4B ) of same sample reveals that the microenvironment consists of furrowed nanorods. 
TEM analysis
More detailed information about the interior structural aspects of as-prepared MnNPs nanorods was further investigated by TEM and HRTEM. It is clear from TEM images ( Figure 5A ,B) that the nanorods are grown in perpendicular/parallel manner from the core with an average size of 40-50 nm. Interestingly, the TEM images of asprepared MnNPs reveal the presence of self-assembled nanoparticles in 3D rod-shaped architectures. The HRTEM image of as-prepared MnO 2 nanorod is shown in Figure 5C .
The inter-planer spacing of 0.275 nm corresponds to (103) plane of MnO 2 . The crystalline structure of as-prepared MnO 2 nanorods is also confirmed by the SAED pattern shown in the inset of Figure 5C .
Fluorescence studies
The solid-state fluorescence emission spectra of obtained MnNPs recorded at room temperature is displayed in Figure 6 . The observed emission intensity at 518 nm (λ ex = 320 nm) can be attributed to better crystallinity of the crystals and this was also confirmed by SEM and TEM images. The fluorescence emission observed in this case may be due to the defects created in the self-assembly of as-prepared MnNPs and the d-d transitions in the corresponding Mn 3 + ions can be strong due to static Jahn-Tellar distortion [22] .
Conclusions
In summary, the self-assembled nanorods of MnO 2 were synthesized by a facile green approach using a naturally Centre for Natural Sciences, Manipal University for initiating this research program, rendering financial support and giving constant support and encouragement.
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